Abstract. Previous studies reported that a Gamitrinib variant containing triphenylphosphonium (G-TPP) binds to mitochondrial Hsp90 and rapidly inhibits its activity to induce apoptosis. We investigated the mechanisms underlying the antitumor activity of G-TPP in Hep3B hepatocellular carcinoma cells. Contrary to our predictions, we observed mitochondrial elongation in the G-TPP-treated Hep3B cells undergoing apoptosis. We found that the G-TPP-induced mitochondrial elongation in Hep3B cells was caused by a decrease in the mitochondrial fission-regulating protein Drp1 rather than by changes in the mitochondrial fusion machinery proteins Mfn1 and Opa1. Furthermore, G-TPP induced G2-M phase cell cycle arrest by reducing the interaction between CDK1 and cyclin B1. Additionally, reactive oxygen species (ROS) played a pivotal role in G-TPP-induced cell death and mitochondrial elongation in Hep3B cells, and these processes are mediated by the reduced association of CDK1 with cyclin B1 and the suppressed phosphorylation of Drp1 (Ser616). Thus, G-TPP induces cell death and causes Drp1-mediated mitochondrial elongation in Hep3B cells by increasing the ROS level.
Introduction
Mitochondria are highly dynamic organelles that continuously elongate and divide to form a network throughout the cell. The shape, location and function of mitochondria are defined by an equilibrium between opposing fusion and fission events (1) . Mitochondrial dynamics are crucial to homeostasis and cellular energy production (2, 3) . Mitochondrial fusion and fission are precisely controlled by various mitochondria-shaping proteins (4) (5) (6) . In mammalian cells, three large GTPases, mitofusin 1 (Mfn1), mitofusin 2 (Mfn2) and optic atrophy 1 (Opa1), are essential for mitochondrial fusion. Mfns are integrated into the outer mitochondrial membrane (OMM) and form homo-and hetero-oligomers, which promote the tethering and fusion of OMMs from two different mitochondria (1) . Opa1 localizes in complexes at the inner mitochondrial membrane (IMM) and drives fusion on the IMM (7) . A GTPase cytosolic dynamin-related protein 1 (Drp1) mediates mitochondrial fission in mammalian cells. To constrict and cut mitochondria during mitochondrial fission, Drp1, which is located in the cytosol, needs to be activated and assembled onto mitochondria (8) . Fisson 1 (Fis1), which is located on the OMM, has been suggested to be a Drp1 receptor and required for mitochondrial fission (1, 9) . However, its action mechanism remains highly controversial (10) .
Various stimuli such as anticancer agents, hypoxia or radiation can induce mitochondrial dysfunction. Damaged mitochondria may be repaired or removed. Mitochondrial fission is a crucial mechanism for removing dysfunctional mitochondria via mitophagy (11) . Crosstalk between apoptosis, mitophagy and mitochondrial dynamics seems to be critical to the overall fate of cells, i.e. death or survival (12) . Previous studies reported that apoptosis-inducing agents generally induce mitochondrial fragmentation (13) (14) (15) (16) .
Previous studies have reported that a Gamitrinib variant containing triphenylphosphonium (G-TPP) readily accumulated in the mitochondria of normal or tumor cells and
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inhibited the tumor necrosis factor receptor-associated protein 1 (TRAP1) and mitochondrial heat shock protein 90 (Hsp90) inside the mitochondria. G-TPP reduced the IMM potential and caused the discharge of apoptogenic proteins into the cytosol by activating cyclophilin D-dependent mitochondrial permeability in various cancer cells, which resulted in apoptosis (17, 18) . Additionally, G-TPP binds to mitochondrial Hsp90, which causes apoptosis by activating cyclophilin D-dependent mitochondrial permeability transition in tumor cells (18, 19) . We observed that G-TPP induces cell death and causes Drp1-mediated mitochondrial elongation in Hep3B cells by increasing the reactive oxygen species (ROS) level.
Materials and methods
Cell culture. Hep3B cells obtained from the American Type Culture Collection were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (PS) at 37˚C in a 5% CO 2 humid atmosphere. After 48 h of culture, the medium was removed from the Hep3B cells, which were then washed with PBS and incubated in the same fresh medium.
The establishment of parkin-YFP-overexpressing Hep3B cells.
The parkin-YFP plasmid was provided by Dr J. Chung (Seoul National University, Seoul, Korea). To establish cell lines that stably expressed parkin-YFP, Hep3B cells were seeded into 6-well plates (2x10 5 cells/well) for 24 h prior to transfection. The cells were transfected with 2 µg of parkin-YFP plasmid using lipofectamine 2000 according to the manufacturer's instructions. Stably transfected Hep3B/parkin-YFP cells were selected by incubating the cells in medium containing 500 µg/ml of neomycin sulfate (G418) for 2 weeks. The overexpression of parkin-YFP was confirmed by observing cells under Zeiss LSM 700 laser-scanning confocal microscope (Goettingen, Germany).
Transfection of silencing RNA (siRNA).
Hep3B cells growing into 6-well plates (0.8x10 5 cells/well) were transfected with siRNA. siRNAs against the human Mfn1, Opa1, Drp1 transcripts were purchased from Dharmacon (ON-TARGETplus SMARTpool siRNA) and used at a concentration of 10 nM. As a negative control, the same nucleotide was scrambled to generate a non-targeting siRNA. The siRNAs were transfected into Hep3B cells using Lipofectamine ® RNAiMAX per the manufacturer's instructions.
Reagents. The reagents were obtained from commercial sources: DMEM and FBS were obtained from Gibco-BRl (Gaithersburg, MD, USA); rabbit polyclonal antibodies to human Mfn1 (sc-50330), Tom20 (sc-11415) and cyclin B1 (sc-752), and mouse monoclonal antibody to human CDK1 (sc-54) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA); mouse monoclonal antibodies to human Drp1 (61112) and Opa1 (612606) were obtained from BD Transduction laboratories (lexington, KY, USA); rabbit polyclonal antibodies against human caspase-3 (#9662), caspase-7 (#9492) and p-Drp1 (Ser616) (#3455) as well as Chemical synthesis of G-TPP. G-TTP was synthesized by legoChem Biosciences Inc. (Daejeon, Korea) as previously described (18) .
Cell viability assay. The cell viability was assessed using the Vi-Cell cell counter (Beckman Coulter, Miami, FL, USA) to perform an automated trypan blue exclusion assay.
Western blot analysis. The cells were washed twice with ice-cold PBS, resuspended in RIPA buffer and incubated at 4˚C for 30 min. The lysates were centrifuged at 14,000 rpm for 20 min at 4˚C. The protein concentrations of the cell lysates were determined with the Bradford protein assay reagent (Bio-Rad), and 30 µg of protein was loaded onto 7.5-15% SDS/PAGE gels. The proteins were transferred to nitrocellulose membranes (Amersham Pharmacia Biotech, Piscataway, NJ, USA). The bands were visualized by incubation with 1:1,000 dilutions of primary antibody overnight at 4˚C, followed by incubation with 1:2,000 dilutions of secondary antibody at room temperature for 1 h. The antibody signal was developed using the SuperSignal West Pico-enhanced chemiluminescence substrate and detected with a LAS-4000PLUS (Fuji Photo Film, Tokyo, Japan).
Subcellular fractionation.
The cells (3x10 7 cells) were washed in ice-cold Tris-based Mg 2+ /Ca 2+ -free buffer (135 mM NaCl, 5 mM KCl and 25 mM Tris-HCl pH 7.4). The mitochondrial and cytosolic fractions were isolated using the Mitochondrial Fractionation kit (Active Motif, Carlsbad, CA, USA). The cells were resuspended in cytosolic buffer and incubated on ice for 15 min. The cells were then homogenized on ice with a homogenizer operated at 60 strokes. The lysates were centrifuged at 3,000 rpm and 4˚C for 15 min. The supernatant contained the cytosol, including the mitochondria. The supernatant was transferred to a microcentrifuge tube and centrifuged at 13,000 rpm and 4˚C for 30 min to pellet the mitochondria. The mitochondrial pellets were lysed with mitochondrial buffer on ice for 15 min and then centrifuged at 13,000 rpm for 30 min at 4˚C.
Co-immunoprecipitation (Co-IP).
After being incubated with antibodies, the cell extracts were precipitated with protein A-Sepharose beads for 3 h and washed 3 times with an extraction buffer prior to boiling them in the SDS sample buffer. The immunoprecipitated proteins were separated using SDS-PAGE, and a western blot analysis was performed as described above.
Observation and quantification of mitochondrial morphology using confocal microscopy. The cells were cultured on coverslips and fixed with 4% paraformaldehyde for 1 h. The cells were then permeabilized with 0.2% Triton X-100 for 15 min and incubated with Tom20 antibody for 1 h at room temperature (RT). They were washed 3 times with PBS for 5 min each, incubated with a Texas Red-conjugated secondary antibody for 1 h at room temperature and counterstained with Hoechst 33342. A Zeiss LSM 700 laser-scanning confocal microscope at a magnification of x40 (0.55 numerical aperture) was used to obtain and analyze the fluorescent images. The cells were divided into the following 3 groups based on their mitochondrial morphology: fragmented, cells that primarily contained mitochondria shorter than 2 µm; tubular and donuts, cells that primarily contained mitochondria between ~2 and 5 µm long; and elongated, cells that primarily contained mitochondria >5 µm. Three independent experiments were conducted, and 100 cells were scored per experiment.
Quantification of DNA hypoploidy and cell cycle phase analysis by flow cytometry.
Ice-cold 95% ethanol containing 0.5% Tween-20 was added to the cell suspension to a final concentration of 70% ethanol. The fixed cells were pelleted and washed in 1% BSA-PBS solution. They were re-suspended in 1 ml of PBS containing 11 Kunitz U/ml RNase A, incubated at 37˚C for 1 h, washed once with BSA-PBS, re-suspended in PI solution (10 µg/ml), and incubated in the dark at 4˚C for 30 min. The cells were then washed with PBS, and the DNA content was measured on an Epics XL (Beckman Coulter). The data were analyzed using the MultiCycle software, which allowed the simultaneous estimation of cell cycle parameters and apoptosis.
Mitochondrial membrane potential (MMP) assay.
To measure the MMP, the cells were trypsinized, collected, stained with JC-1 and subjected to flow cytometry using an Epics Xl flow cytometer (Beckman Coulter). The data were acquired and analyzed using the EXPO32 ADC Xl 4 color software program. Statistical analysis. At least three independent experiments were carried out in vitro. The results are expressed as the means ± SD from three experiments. The significance of differences was determined using the paired Kruskal-Wallis non-parametric test. A p-value <0.05 was considered significant.
Results

G-TPP induces cell death and mitochondrial elongation in
Hep3B cells. Treating Hep3B cells with 1-80 µM G-TPP for 48 h significantly reduced their viability in a dose-dependent manner (Fig. 1A) . Because the viability of Hep3B cells treated with 40 µM G-TTP for 48 h was ~50%, this concentration was used for further studies. G-TPP treatment reduced the viability of Hep3B cells in a time-dependent manner (Fig. 1B) . To examine whether the reduced viability of G-TTP-treated Hep3B cells was due to apoptotic cell death, we performed various apoptosis assays. The caspase cleavage and mitochondrial membrane potential assays indicated that G-TPP at least partly induced Hep3B cell death via apoptosis (Fig. 1C and D) . Notably, G-TPP treatment significantly increased the population of Hep3B cells that contained elongated mitochondria ( Fig. 1E and F) .
Drp1 is involved in G-TPP-induced mitochondrial elongation.
We examined whether the G-TPP-induced mitochondrial elongation was mediated by alterations in the mitochondrial fusion-regulating proteins Mfn1 and Opa1. The western blot assay showed that G-TPP did not increase the expression levels of Mfn1 and Opa1 ( Fig. 2A) . We then examined the effect of Mfn1 or Opa1 depletion on G-TPP-induced cell death. A viability assay showed that neither siMfn1 nor siOpa1 significantly alter G-TPP-induced cell death (Fig. 2B) . As predicted, both siMfn1 and siOpa1 significantly increased the population of G-TPP-untreated Hep3B cells that contained fragmented mitochondria. However, treatment with G-TPP significantly increased the populations of both Mfn1-and Opa1-depleted Hep3B cells that contained elongated mitochondria (Fig. 2C and D) . These data indicate that G-TPP-induced mitochondrial elongation is not mediated by an increase in the mitochondrial fusion proteins Mfn1 and Opa1. We next examined whether the G-TPP-induced mitochondrial elongation was mediated by alterations in the fission-regulating protein Drp1. The western blot assay showed that treatment with G-TPP markedly decreased the Drp1 level in Hep3B cells, particularly in the mitochondria (Fig. 3A) . We next examined the effect of Drp1 depletion on G-TPP-induced cell death. siDrp1 did not significantly alter the viability of Hep3B cells treated with G-TPP (Fig. 3B) . However, siDrp1 significantly increased the populations of both G-TPP-treated and untreated Hep3B cells that contained elongated mitochondria compared with scrambled siRNA (Fig. 3C) . Confocal microscopy demonstrated that mitochondria are more aggregated in Hep3B cells treated with G-TPP plus siDrp1 than cells treated with G-TPP plus scrambled siRNA (Fig. 3D) . These data indicated that G-TPP-induced mitochondrial elongation was caused by Drp1 reduction.
G-TPP suppresses the translocation of Drp1 into mitochondria in parkin-overexpressing Hep3B cells.
We investigated whether G-TPP suppressed the translocation of Drp1 into mitochondria in parkin-overexpressing Hep3B cells. We observed that parkin translocated into the mitochondria of parkin-overexpressing Hep3B cells, irrespective of G-TPP treatment. Additionally, parkin translocated into the fragmented mitochondria of parkin-overexpressing Hep3B cells treated with the representative mitophagy inducer CCCP (Fig. 4A) . A western blot assay demonstrated that G-TPP decreased the expression level of Drp1 not only in Hep3B cells but also in parkin-overexpressing Hep3B cells. G-TPP also inhibited the translocation of Drp1 into mitochondria in Hep3B cells. Importantly, CCCP increased the expression level of Drp1 and augmented the mitochondrial translocation of Drp1 in the parkin-overexpressing Hep3B cells. G-TPP inhibited the translocation of Drp1 into mitochondria in the parkin-overexpressing Hep3B cells (Fig. 4B) . The population of cells that contained elongated or fragmented mitochondria did not differ between control Hep3B and parkin-overexpressing Hep3B cells treated with G-TPP (Fig. 4C) . Furthermore, the overexpression of parkin did not affect the level of G-TPP-induced cell death (Fig. 4D) . These data indicate that G-TPP inhibited the mitochondrial translocation of Drp1 even in the parkin-overexpressing Hep3B cells, which may impair parkin-mediated mitophagy.
G-TPP reduces the interaction of CDK1 with cyclin B1 and the activating phosphorylation of Drp1 (Ser616).
Flow cytometry revealed an increase in the percentage of G2-M phase cells and a concomitant decrease in the percentage of the G1 phase cells (Fig. 1C) , which indicated that G-TPP induced G2-M phase cell cycle arrest in Hep3B cells. Therefore, we examined the association between mitochondrial elongation and cell cycle progression in G-TPP-treated Hep3B cells. We examined the level of CDK1 and cyclin B1 with a western blotting, which showed that G-TPP markedly decreased the expression level of CDK1. G-TPP also markedly reduced the activating phosphorylation of Drp1 (Ser616) (Fig. 5A) . Because the CDK1-cyclin B1 complex is known to be associated with the activation of Drp1 via the phosphorylation of Drp1 at Ser616 (pDrp1-Ser616) (20) , we examined the effect of G-TPP on the formation of the CDK1-cyclin B1 complex. The co-immunoprecipitation results indicated that G-TPP reduced the level of CDK1-cyclin B1 complex formation (Fig. 5B) . These data indicated that G-TPP reduced the interaction between CDK1 and cyclin B1 and thereby inhibited its Drp1 activation and mitochondrial localization, which induced mitochondrial elongation.
ROS mediates G-TPP-induced cell death and mitochondrial elongation.
Next, we examined the involvement of ROS in G-TPP-induced cell death and mitochondrial elongation in Hep3B cells. We observed that G-TPP increased the ROS level in Hep3B cells, and the ROS scavenger NAC remarkably inhibited the level of ROS in the G-TPP-treated Hep3B cells (Fig. 6A) . Importantly, NAC significantly suppressed G-TPP-induced cell death (Fig. 6B) . Various apoptosis assays showed that NAC suppressed G-TPP-induced apoptosis ( Fig. 6C and D) . NAC also significantly decreased the population of Hep3B cells treated with G-TPP cells that contained elongated mitochondria (Fig. 6E and F) . These data indicated that ROS mediates mitochondrial elongation and cell death in G-TPP-treated Hep3B cells. To this end, we examined whether G-TPP reduced the interaction of CDK1 with cyclin B1 and the phosphorylation of Drp1 (pDrp1-Ser616) via ROS. Noticeably, NAC recovered the expression levels of Drp1, CDK1 and p-Drp1 (Ser616) (Fig. 7A) ; suppressed the G-TPP-induced dissociation of CDK1 from cyclin B1 in Hep3B cells (Fig. 7B) ; and recovered the recruitment of Drp1 to mitochondria in G-TPP-treated Hep3B cells (Fig. 7C) . Flow cytometry revealed that NAC suppressed G-TPP-induced G2-M arrest (Fig. 7D) . These results indicate that ROS played a pivotal role in mitochondrial elongation, which is mediated Fig. 1 for other definitions. by the reduced association of CDK1 with cyclin B1 and decreased Drp1 phosphorylation at Ser616 in G-TPP-treated Hep3B cells.
Discussion
Previous studies reported that the targeted inhibition of mitochondrial Hsp90 using G-TPP induces cell death via ER-and calcium-mediated stress in various cancer cells (21, 22) . Because apoptosis-inducing agents generally induce mitochondrial fragmentation (13-16), we first predicted that G-TPP would induce mitochondrial fragmentation in Hep3B cells. However, we observed that G-TPP induces mitochondrial elongation in Hep3B cells. Mitochondrial fragmentation by apoptotic stimuli depends on the regulation of the mitochondrial fusion-fission balance, which is primarily mediated by the mitochondrial fission machinery (15,23) . However, some studies showed that apoptosis-inducing agents could result in mitochondrial elongation. A previous study reported that HDAC inhibitors, which induce apoptosis, caused mitochondrial elongation in various cells in addition to inducing apoptosis (24) . Our data suggest that G-TPP induces mitochondrial elongation by reducing and inactivating the mitochondrial fission-regulating protein Drp1 and increasing the ROS level.
Because cellular homeostasis is tightly linked to mitochondrial function, the cell must eliminate mitochondria damaged by various stimuli, such as anticancer agents, oxidative stress and starvation. Dysfunctional mitochondria are eliminated via 'mitophagy', a process by which cells selectively remove depolarized mitochondria (25) . Parkin, an E3 ligase that was originally discovered as mutated in monogenic forms of Parkinson's disease, has been shown to selectively recognize and eliminate damaged mitochondria (26) .
Mitophagy and mitochondrial dynamics are closely correlated (11, (27) (28) (29) (30) . Several previous studies demonstrated that mitochondrial fission is linked to the function of parkin, and parkin recruitment to mitochondria may be a consequence of depolarization-induced fragmentation (31, 32) . Whereas staurosporine induced mitochondrial fragmentation and mitophagy in Hela cells, Drp1 overexpression impaired mitophagy and mitochondrial fission, indicating that mitochondrial fission is required for mitophagy (29) . However, a previous study showed that excessive mitochondrial fragmentation alone is insufficient to recruit parkin (26) . Mitophagy can be induced independent of parkin (33) . While most recent studies have focused on parkin/PINK1-dependent mitophagy, some have examined the parkin/PINK1-independent mechanisms of mitophagy (34) . The present study suggests that G-TPP induces mitochondrial elongation in Hep3B cells by inhibiting the mitochondrial translocation of Drp1, even in parkin-overexpressing cells, which may impair mitophagy. We assume that the induction of apoptosis in G-TPP-treated Hep3B cells is at least partly due to the inefficient removal of dysfunctional mitochondria.
The equal distribution of mitochondria between daughter cells during mitosis is important. Various studies reported that mitochondrial dynamics are integrated with cell cycle progression (35) (36) (37) . Mitochondrial hyperfusion is known to promote a defect in cell cycle progression characterized by an inability of cells to exit the G2 phase (37) . In eukaryotic cells, several cyclin family members regulate the progression from the G2 to the M phase. Cyclin B1, together with CDK1, promotes the G2/M transition (38) . In particular, loss of Drp1 induced G2 phase arrest (37) . The activation of CDK1 and cyclin B1 is a key factor for the G2/M phase transition (36) . CDK1-cyclin B1 phosphorylates Drp1 at Ser616 and activates the mitochondrial fission machinery (39) (40) (41) . This study suggests that G-TPP induces G2 phase arrest via the dissociation of the CDK1-cyclin B1 complex and inhibits Drp1 translocation to the mitochondria.
ROS regulate a wide range of biological processes, including oxygen sensing, immune responses, cell proliferation and differentiation (42, 43) . The direct or indirect accumulation of ROS lead to apoptosis (44) . ROS are primarily produced in mitochondria (45) and mediate mitochondrial dynamics. Numerous studies demonstrated that increased ROS levels mediate mitochondrial fission (46, 47) . ROS also mediate mitochondrial elongation. A previous study showed that oxidative stress converted elongated tubules into large spheres in fibroblasts (48) . Another study reported that the mitochondria of hypoxia-induced chemotherapy-resistant cells undergo a HIF-1-dependent and mitofusin-1-mediated changes in morphology from a tubular network to an enlarged phenotype (49) . Moreover, ROS mediate the formation of elongated mitochondria during cellular senescence (50) . Our study showed that G-TPP induced mitochondrial elongation in Hep3B cells by increasing the ROS level.
In conclusion, our results indicated that G-TPP induces cell death and causes Drp1-inhibited mitochondrial elongation in Hep3B cells by increasing the ROS level.
